Introduction
The cilium is an evolutionarily ancient structure found in most eukaryotic lineages (Hodges et al., 2010) . Projecting from the cell surface, cilia mediate sensory perception and developmental signaling. A subset of cilia is also motile, enabling movement of cells and fluids. Cilia dysfunction has been linked to a spectrum of human disorders, known as ciliopathies (Fliegauf et al., 2007) , ranging from disorders affecting a single type of cilium to broad-based disorders affecting multiple tissues and organs.
All cilia arise from a centriole-derived basal body, connected to the plasma membrane via transition fibers. The axonemal microtubules constituting the core of the cilium are extensions of basal body microtubules. Immediately distal to the basal body lies the transition zone, distinguished by several conserved features, including a central cylinder or apical ring that lies internal to the microtubule doublets and Y-links connecting axonemal microtubules to the ciliary membrane (Reiter et al., 2012) . The ciliary membrane is contiguous with the plasma membrane but is compositionally distinct, as is the underlying cytoplasm, suggesting that structures at the ciliary base (the transition fibers and/or transition zone) control access to the ciliary compartment (Rosenbaum and Witman, 2002) .
During ciliogenesis, centrioles dock to a membrane, either to a vesicle in the cytoplasm that fuses with the plasma membrane (Sorokin, 1962) or to the plasma membrane itself. Docking requires the transition fibers (Schmidt et al., 2012) , which in vertebrates are derived from appendages present on mature centrioles. Finally, motor-driven intraflagellar transport (IFT; Cole et al., 1998) extends the ciliary axoneme. While the molecular mechanisms underlying axoneme extension are comparatively well understood, less is known about basal ciliary structures and their role in the early stages of ciliogenesis (Reiter et al., 2012) . For the transition zone, proteomic approaches in vertebrates identified three distinct ciliopathy-associated multiprotein complexes or modules: the MKS, NPHP-1,-4,-8 (NPHP) and NPHP-5,-6 (CEP290) modules (Garcia-Gonzalo et al., 2011; Sang et al., 2011; Chih et al., 2012) . These are supported by genetic analyses in Caenorhabditis elegans, which have established independent assembly pathways for two modules (MKS and NPHP; Williams et al., 2011) . It is currently unclear where these modules fit within the transition zone structure or how it assembles during ciliogenesis. Further, while the transition zone clearly functions as a ciliary gate, there is some uncertainty as to what extent it is also required for axoneme assembly, with loss of transition zone components in vertebrates resulting in loss of cilia in some tissues but not others (Garcia-Gonzalo et al., 2011; Sang et al., 2011; Chih et al., 2012) .
The nematode C. elegans has emerged as a major experimental model to study centrioles and cilia. A key feature of C. elegans is that cilia are limited to the dendritic endings of postmitotic sensory neurons and are dispensable for viability and fertility, which facilitates loss-of-function studies (Inglis et al., 2007) . Here, we take advantage of this experimental model to dissect the assembly and function of the transition zone. We identify a C. elegans homologue of CEP290 and show it to be a component of a third, independently targeted transition zone module required to form the central cylinder, which acts as an inner scaffolding structure for transition zone Cilia are cellular projections that perform sensory and motile functions. A key ciliary subdomain is the transition zone, which lies between basal body and axoneme. Previous work in Caenorhabditis elegans identified two ciliopathy-associated protein complexes or modules that direct assembly of transition zone Y-links. Here, we identify C. elegans CEP290 as a component of a third module required to form an inner scaffolding structure called the central cylinder. Co-inhibition of all three modules completely disrupted transition zone structure. Surprisingly, axoneme assembly was only mildly perturbed. However, dendrite extension by retrograde migration was strongly impaired, revealing an unexpected role for the transition zone in cell adhesion. (Huang et al., 2011; Williams et al., 2011; this study assembly. Simultaneous inhibition of all three modules completely disrupts transition zone structure. Surprisingly, axoneme assembly is not significantly impaired. Instead, perturbing the transition zone disrupts cell-matrix interactions during dendrite extension, revealing an unexpected role for the transition zone in cell adhesion.
Results and discussion
Increasing evidence points to the transition zone being organized into multiple protein complexes or modules with distinct functions. Best characterized are the MKS and NPHP modules, which are composed of proteins mutated in the ciliopathies Meckel syndrome and nephronophthisis. Previous work in C. elegans showed these to be recruited independently of each other and function redundantly in assembly of transition zone Y-links (Fig. 1 A; Williams et al., 2011) . Proteomic analysis in vertebrates identified a potential third module including the key ciliopathy protein CEP290 (Fig. 1 B ; Sang et al., 2011) . Reciprocal BLAST searches identified a C. elegans homologue encoded by the predicted gene Y47G6A.17, which we named CCEP-290 for C. elegans CEP290 (Fig. S1, A and B) . Phylogenetic analysis found CEP290 to be conserved across all major eukaryotic phyla, supporting a central role for this protein at the transition zone (Fig. S1 C; Hodges et al., 2010) .
Generation of a single-copy GFP transgene under control of endogenous regulatory sequences revealed expression exclusively in ciliated neurons in a manner dependent on the transcription factor DAF-19 (Fig. S1 D) , which serves as a master regulator of ciliogenesis in C. elegans (Swoboda et al., 2000) . Consistent with localization to transition zones, CCEP-290 was found distal to the basal body marker HYLS-1 (Dammermann et al., 2009 ) but proximal to the axoneme positive for polyglutamylated tubulin (Fig. 1 C) . Comparisons by high-resolution two-color fluorescence imaging (Wan et al., 2009 ) using HYLS-1 as a point of reference showed this localization to be distinct from that of the MKS and NPHP module components MKSR-2 and NPHP-4. Whereas MKSR-2 and NPHP-4 localized to the transition zone periphery, consistent with localization to Y-links or the ciliary membrane, CCEP-290 occupied a more central position (Fig. S2, A and B) . CCEP-290 recruitment was unaffected in mutants of MKS-5, MKSR-2, and NPHP-4, the most upstream components of the MKS and NPHP assembly pathways (Fig. 1 D) . CCEP-290 therefore independently targets to the transition zone.
Since C. elegans neurons are refractory to RNAi, we obtained an in-frame deletion mutant, ccep-290(tm4927), hereafter referred to as ccep-290, affecting the N terminus of the protein (Fig. S1 E) . We also generated a complete gene deletion, ccep-290Δ, using CRISPR/Cas9-mediated genome editing (Fig. S1 F) . Both mutants, as well as two additional C-terminal truncation mutants, were found to be viable and fertile, with no apparent morphological defects ( Fig. S1 G and not depicted) . Examining other transition zone proteins in ccep-290Δ mutants, we observed no change in localization of NPHP-4. In contrast, MKSR-2 at transition zones appeared much reduced (Fig. 1 E) , which is consistent with recent findings in Drosophila melanogaster (Basiri et al., 2014) . Localization of downstream components of the MKS pathway was also perturbed (Fig. S2  C) . Closer inspection revealed that MKSR-2 still targeted to cilia (70.1 ± 16.0% of controls, t test, P < 0.0001). However, most of the protein (61.8 ± 16.4%) was now found dispersed along the axoneme, with MKSR-2 particles moving in a manner characteristic of diffusion ( Fig. 1 F and Video 1) . Instead of targeting MKSR-2 as expected for an upstream component in the MKS assembly pathway, CCEP-290 therefore tethers MKSR-2 to the transition zone.
Examination of the C. elegans transition zone by serial-section electron microscopy reveals two prominent ultrastructural features: Y-links connecting axonemal microtubules to the ciliary membrane and the central cylinder to which axonemal outer doublet and inner singlet microtubules are attached (Fig. 1 G; Perkins et al., 1986) . Tomographic reconstructions show both structures to be contiguous along the longitudinal axis of the transition zone, forming elongated sheets (Video 2; see also Fig. 4 A) . Previous work in C. elegans had implicated MKS and NPHP proteins in assembly of Y-links. Loss of these connectors results in detachment and dilation of the ciliary membrane, while leaving the central cylinder and associated axonemal microtubules intact (Williams et al., 2011) . The same role had been ascribed to CEP290 in Chlamydomonas reinhardtii, although Y-links were still observed, albeit rarely, in cep290 mutants (Craige et al., 2010) . In contrast, loss of CCEP-290 in C. elegans ccep-290Δ mutants resulted in fragmentation of the central cylinder, disrupting the radially symmetric array of axonemal microtubules ( Fig. 1 G) . Unlike in MKS/NPHP mutants, there was no detachment of the ciliary membrane and Y-links could still be found in some sections (arrowheads). ccep-290Δ;nphp-4 mutants displayed an intermediate phenotype, with 5/11 transition zones appearing fragmented and the remainder fully disorganized. Finally, disruption of all three modules in ccep-290;mksr-2;nphp-4 triple mutants resulted in a complete loss of transition zone structures, with axonemal microtubule doublets dissociated from each other and the ciliary membrane (Fig. 1 G) . These results are consistent with our high-resolution localization data and highlight the distinct roles of CCEP-290 and MKS/NPHP proteins at the transition zone, with CCEP-290 serving as a core component of the central cylinder, which appears to act as an inner scaffold for transition zone assembly, while MKS/NPHP proteins function in assembly of peripheral Y-links. We next examined the consequences of transition zone perturbations on cilia assembly. A commonly used method to assess cilia integrity in C. elegans is the dye-fill assay, which monitors uptake of the lipophilic dye DiI (Inglis et al., 2007) . This dye is taken up by a subset of ciliated neurons (12 amphid neurons in the head, 4 phasmid neurons in the tail) through their exposed ciliated endings and accumulates in their cell bodies. Defective dye-filling (Dyf) is often indicative of compromised cilia structure. As previously reported for other transition zone mutants (Williams et al., 2008 (Williams et al., , 2011 , ccep-290 mutants individually did not display significant dye-fill defects. However, double mutants with either nphp-1 or nphp-4 were strongly Dyf. In contrast, no genetic interactions were detected with mksr-2. Dye-filling was restored by expression of the appropriate GFP transgene, confirming specificity of the mutant phenotypes and functionality of our GFP reporters (Fig. S1 H; Fig. S2 , D and E; and not depicted). These results would appear to support a role for the transition zone in cilia assembly. However, direct visualization of phasmid cilia using the IFT marker CHE-11:GFP failed to reveal any major defects. Most strikingly, ∼83% of cilia were found to remain in ccep-290;mksr-2;nphp-4 triple mutants in which all three transition zone modules are inhibited (Fig. 2, A and B). Cilia lengths (Fig. 2 C) and IFT rates (Fig. 2 D, E) were also largely normal. Ciliary ultrastructure was also unaffected with the exception of occasional displaced doublet microtubules, likely reflecting disorganization within the transition zone (Fig. 2 F) . We conclude that loss of transition zone structures has only mild effects on axoneme assembly and organization in C. elegans.
While cilia assembly was largely unaffected in transition zone mutants, neuronal morphology was strongly perturbed. This was most clearly seen in phasmids, where dendrites collapsed almost entirely, with cilia found immediately adjacent to the cell body (Fig. 2 A) . This phenomenon was previously reported in certain combinations of transition zone mutants (Williams et al., 2008 (Williams et al., , 2011 . Loss of contact with the external environment rather than ciliogenesis defects could explain the observed lack of dye-filling, and dendrite lengths do correlate with dye-fill phenotypes (compare Figs. 3 C and S2 E). Complete dendrite collapse was not observed in amphids (Fig. S3,  C and D) . However, cilia frequently failed to extend into the channel formed by socket and sheath glia (Fig. S3, A and B) .
Dendrite extension in amphids has been shown to occur by retrograde extension, whereby the cell body migrates backward while the dendritic tip remains anchored in place (Heiman and Shaham, 2009; Fig. 3, A and B; and Video 3) . Failure of dendrite extension in transition zone mutants could reflect a failure of cell migration or dendrite anchorage. The stochastic nature of the phenotype and bilaterally symmetric organization of phasmids allowed us to distinguish between these possibilities. In cases where one set of phasmids displayed collapsed dendrites, their cell bodies were positioned opposite their counterparts with normally extended dendrites (Fig. 3 D) , indicating that cell migration occurred normally while dendrite attachment was defective. Interestingly, dendrite lengths are bimodally distributed, either normal or fully collapsed (Fig. 3 C) . Thus, attachment only occurs at the tip of the dendrite. If that attachment is lost, the dendrite collapses entirely.
Cilia could contribute to neuronal morphology in a variety of ways, including by signaling. However, dendrite extension occurs before cilia are fully formed (Sulston et al., 1983; Fujiwara et al., 1999) and was normal in IFT mutants in which axoneme assembly was inhibited (Snow et al., 2004;  Fig. S3 H) . Because signaling requires an intact cilium, this would support a direct anchoring role rather than an indirect signaling one, mediated by some structure at the ciliary base. A unique feature of C. elegans is that centrioles degenerate early during ciliogenesis (Dammermann et al., 2009 ) and do not persist at the base of mature cilia (Perkins et al., 1986) . While transition zone proteins are present at the time of dendrite elongation (Fig. 3  E) , centriole degeneration is well underway at this time (Fig. S3  I) , making it unlikely that centrioles or centrosomes contribute to dendrite anchorage. Finally, loss of the basal body protein HYLS-1 only mildly perturbed dendrite extension in a manner synergistic with loss of NPHP-4 (Fig. S3 H) , likely reflecting transition zone disorganization in hyls-1 mutants. Our results are therefore most consistent with a direct anchoring function mediated by the transition zone.
Dendrite extension in PQR neurons has been reported to occur in the canonical, anterograde manner by growth cone crawling (Kirszenblat et al., 2011) . It is therefore not surprising that dendrites in PQR neurons are unaffected (Fig. S3 , E and F). In contrast, both amphid and phasmid dendrites form by retrograde extension. Why the more severe phenotype in phasmids? We speculate that this is due to cooperativity in attachment between neurons sharing the same channel. Indeed, dendrites of the two neurons sharing each phasmid channel always succeeded or failed to extend together, whereas there was no correlation between dendrite extension on the left and right sides of the animal (65% displayed collapsed dendrites on the left; 63% on the right; 41% both sides, the expected probability for two independent events; n = 46 animals). With 13 transition zones per amphid compared with two per phasmid, cooperative attachment could make amphid dendrites more resistant to collapse. Differences in cell morphology may also contribute. It is notable in this context that failure of dendrite extension in phasmids, unlike in amphids (Heiman and Shaham, 2009) , is not accompanied by failure of sheath glia extension (Fig. S3 G) .
For a structure at the dendritic tip to provide anchorage during retrograde extension, it must interact with neighboring cells or other immobile structures. For amphids, that structure is the extracellular matrix, composed in part of the tectorin-related proteins DEX-1 and DYF-7. Loss of either protein results in loss of anchorage and dendrite collapse (Heiman and Shaham, 2009 ). This was also true for the strong loss-of-function mutant dyf-7(m537) in phasmids (Fig. 3 F) , indicating that dendrites are secured to the extracellular material as in amphids. This adhesive matrix remains in place in transition zone mutants (Fig. 3 G) . If transition zones and tectorins function together in cell adhesion, we should be able to observe genetic interactions between mutants in both structures. Indeed, hypomorphic mutants of dex-1 and dyf-7 were found to synergize with mutations in nphp-4, which alone do not result in dendrite phenotypes (Fig. 3, C and F) . Thus, transition zones mediate dendrite attachment via interactions with the extracellular matrix.
In summary, our work has helped clarify the molecular architecture and function of the ciliary transition zone (see also Fig. 4, A and B) . By combining perturbation of CCEP-290, which affects the central cylinder, with previously described perturbations that affect the Y-links (Williams et al., 2011) , we were able to completely disrupt transition zone structure. Our finding, that axoneme assembly remains relatively normal when the transition zone is lost, argues that there is no fundamental requirement for the transition zone in axoneme assembly. The picture has been less clear in vertebrates, where loss of transition zone components has been reported to result in ciliary defects in some tissues but not others (Garcia-Gonzalo et al., 2011; Sang et al., 2011; Chih et al., 2012) . One possible explanation for this context dependence is that it relates to transition zone function in ciliary gating (Craige et al., 2010) . Perturbed entry of ciliary components could affect cilia assembly in some cases but not others. Alternatively, loss or impairment of transition zone structures could affect cilia stability. As previously shown for basal bodies in Tetrahymena thermophila (Bayless et al., 2012) , cilia motility or fluid flow over nonmotile cilia results in mechanical stresses that could damage cilia unless stabilized by structures at their base. In less challenging environments, such as C. elegans cilia protected inside the cuticle of the worm, impaired stability might have less deleterious consequences.
A second major conclusion of our work is that the transition zone is required for adhesion to the extracellular matrix to allow dendrite extension. While cilia have not previously been implicated in cell adhesion, signs of crosstalk have been observed for many years. Thus, NPHP proteins localize to cellcell and cell-matrix junctions (Benzing et al., 2001 ) and have been found to be required for epithelial morphogenesis (Delous et al., 2009) . Conversely, junctional proteins have been found at cilia (Fan et al., 2004; Sfakianos et al., 2007) . Cilia have been linked to many developmental processes in vertebrates and we speculate that cilia-mediated adhesion contributes to some of these processes. For example, during development of the cerebral cortex, delamination of neural precursors from the apical adherens belt is an important determinant of cell fate. These precursors are ciliated, and it has been shown that the position of the primary cilium determines whether a daughter cell delaminates after mitosis (Wilsch-Bräuninger et al., 2012; Paridaen et al., 2013;  Fig. 4 C) . Importantly, cilia repositioning precedes any change in polarity and is therefore the driving force behind loss of attachment. While it is possible that cilia-dependent signaling underlies this phenomenon, we suggest an alternative explanation: a direct, mechanical role for the cilium in cell adhesion. As in C. elegans, analysis of IFT mutants (impairing cilia-dependent signaling but not transition zone function) could distinguish between these possibilities.
Materials and methods

Sequence analysis
CEP290 orthologues were identified by reciprocal BLAST analysis using human CEP290 as the starting point. Where direct comparisons failed to identify a clear homologue, indirect searches were performed using less divergent related species as intermediates. Orthology relationships were confirmed using an algorithm optimized for coiled-coil proteins (Kuhn et al., 2014) . Conserved motifs within CEP290 were identified by Meme (http://meme-suite.org/) and sequences were aligned using MAFFT within Jalview (http://www.jalview.org). Maximum likelihood phylogenetic trees were constructed using IQ-TREE under the LG+G model (Le and Gascuel, 2008) . Clade supports were assessed by ultrafast bootstrap (UFBoot) analysis (Minh et al., 2013) .
C. elegans strains and culture conditions Strains used are listed in Table S1 . ccep-290 mutants were obtained from the C. elegans Knockout Consortium/NBRP-Japan (tm4927) and the Million Mutation Project (gk415029 and gk107339). The ccep-290Δ mutant was generated by Cas9-induced homologous recombination (Dickinson et al., 2013) , replacing the entire ccep-290 coding region and 5′ and 3′ UTR with the selectable marker unc-119. Detailed information for other mutants is available from WormBase (http:// www.wormbase.org). Mutants were outcrossed 6× to N2 wild-type before phenotypic analysis and introduction of fluorescent markers. Transgenic strains expressing fluorescently tagged CCEP-290, HYLS-1, MKSR-2, and NPHP-4 were generated by cloning the corresponding genomic loci, including 5′ and 3′ regulatory sequences and N-terminal LAP-GFP/mCherry into the appropriate targeting vector and Mos1-mediated transposition (Frøkjaer-Jensen et al., 2008) . Strains expressing GFP:CCEP-290, DYF-7:GFP, MKS-2:GFP, MKS-6:GFP, MKSR-1:GFP, and Pnas-31:mCherry/OSM-6:GFP from extrachromosomal arrays were generated by coinjection with the marker plasmid pRF4. All strains were maintained at 23°C.
Immunofluorescence and fixed imaging
Immunofluorescence experiments were performed as described previously (Oegema et al., 2001 ) using Cy3/Cy5-labeled affinity-purified rabbit polyclonal antibodies against HYLS-1 ( Dammermann et al., 2009) and SAS-4 (Dammermann et al., 2004) , as well as unlabeled mouse monoclonal antibodies against polyglutamylated tubulin (GT335; provided by C. Janke, Institut Curie, Paris, France). Residual dyf-7, dyf-7(m537) closer to a loss of function (Heiman and Shaham, 2009) . Asterisks indicate statistically significant differences to dex-1/dyf-7 single mutants (t test; ***, P < 0.001; **, P < 0.01). (G) Still images of wild-type and ccep-290;nphp-4 mutant embryos expressing DYF-7:GFP. Overlay of GFP signal on transmitted light images of the embryo. Note the enrichment of DYF-7:GFP at the tips of elongating dendrites (arrowheads). Bars: (D) 5 µm; (B, E, and G) 10 µm. Insets in E are magnified 2×.
fluorescence signal was used to detect GFP/mCherry-tagged protein in fixed embryos. Mouse monoclonal antibodies against S-peptide (MA1-981; Thermo Fisher Scientific) were used to detect LAP-tagged CCEP-290 in embryos also expressing other GFP fusions. In brief, worms were permeabilized by freeze crack, fixed in −20°C methanol for 20 min, rehydrated in PBS, blocked for 20 min in AbDil (PBS, 2% BSA, 0.1% Triton X-100), incubated with primary antibodies (1 µg/ml HYLS-1/SAS-4/MA1-981, 4 µg/ml GT335) in AbDil for 1.5 h, washed with PBST (PBS, 0.1% Triton X-100), incubated with secondary antibodies (15 µg/ml Cy2/Cy3/Cy5-labeled donkey anti-mouse antibody; Jackson ImmunoResearch Laboratories, Inc.) in AbDil for 1 h, washed with PBST, and incubated with 1 µg/ml Hoechst 33342 in PBS for 5 min before mounting in 0.5% p-phenylenediamine, 20 mM Tris, pH 8.8, and 90% glycerol. 3D wide-field datasets were acquired using a 100× 1.4 NA Super Plan-Apochromat lens on a microscope (DeltaVision; Applied Precision) equipped with a 7-Color SSI module and a cooled charge-coupled device (CCD) camera (CoolSNAP-HQ2; Photometrics), computationally deconvolved using the enhanced ratio constrained iterative deconvolution algorithm, and maximum-intensity projected in SoftWorx (Applied Precision), before being imported into Photoshop (Adobe) for panel preparation. No nonlinear gamma corrections were performed during image processing.
Live imaging
Where possible, worms expressing fluorescent markers were examined without fixation, anaesthetized with 10 mM tetramisole, and mounted on 2% agarose pads. Imaging was performed at room temperature on the set-up described above. For examination of neuronal morphology and localization interdependencies, 3D wide-field datasets were acquired, deconvolved, and processed as described above. Exposure conditions and scaling were kept constant when comparing signal across mutant backgrounds. At least 10 animals were examined per condition.
Dendrite lengths (from cell body to ciliary base) and cilia dimensions (base to tip) were measured in MetaMorph on strains expressing CHE-11:GFP. For examination of protein localization at high spatial resolution, L4 larvae coexpressing GFP-tagged transition zone proteins and mCherry:HYLS-1 were imaged with the additional use of a 1.6× optovar, and deconvolved image stacks were analyzed in MetaMorph. Where phasmid cilia lay flat within the image plane, the dimensions of GFP and mCherry signals were measured using the linescan function and averaged over >20 cilia per strain. Potential shifts between GFP and mCherry signals due to chromatic aberration were excluded by imaging a strain coexpressing the same protein in both colors. For time-lapse imaging of neurite extension, single-plane GFP and transmitted light images were acquired every 2 min in embryos expressing myristoylated GFP under a pan-neuronal promoter, using low-power LED illumination to avoid photodamage. For analysis of IFT and GFP: MKSR-2 trafficking in ccep-290Δ mutants, single-plane GFP images of phasmid cilia in L4 larvae were acquired every second. Anterograde movement rates for the middle segment were determined by single-particle tracking in MetaMorph (n = 40-140 particles per strain). Kymographs along the ciliary axis were similarly generated in MetaMorph.
Transmission electron microscopy and electron tomography L4-stage worms were fixed in 2.5% glutaraldehyde in 0.1 mol/liter sodium phosphate buffer, pH 7.4, overnight at 4°C. Samples were postfixed in 0.5-2% osmium tetroxide in the same buffer, washed in ddH 2 O, dehydrated in a graded series of ethanol, and embedded in Agar100 resin. 70-nm serial sections were poststained with aqueous uranyl acetate and lead citrate and examined with a Morgagni 268D microscope (FEI) equipped with an 11-megapixel Morada CCD camera (Olympus-SIS) and operated at 80 kV. At least five animals were examined per condition. For electron tomography, 200-nm sections were examined with a microscope (Tecnai G2 20; FEI) equipped with a CCD camera (Eagle 4k HS; FEI) and operated at 200 kV. Single axis tilt series were acquired using SerialEM (Mastronarde, 2005) by stepwise tilting the sample on average from −60° to +60° in 1° increments. Tomogram reconstruction with 10-nm gold beads as fiducials and model generation was performed using the IMOD software package (Kremer et al., 1996) .
Online supplemental material Fig. S1 details the identification and initial characterization of C. elegans CEP290, including sequence alignments, expression analysis, and phenotypic characterization of ccep-290 mutants. Fig. S2 presents a high-resolution analysis of transition zone protein localization and localization interdependencies, as well as an analysis of genetic interactions between transition zone mutants as revealed by the dye-fill assay. Fig. S3 presents a further characterization of dendrite extension, including phenotypes in other ciliated neurons, glial cell morphology, and contribution of other ciliary structures. Table S1 lists C. elegans strains used in this study. Table S2 provides accession numbers of CEP290 orthologues. Video 1 shows MKSR-2 particle movement along the ciliary axoneme in a ccep-290 mutant. Video 2 shows an electron tomogram and 3D reconstruction model of the C. elegans transition zone. Video 3 shows dendrite extension by retrograde migration in the C. elegans embryo. Online supplemental material is available at http://www.jcb .org/cgi/content/full/jcb.201501013/DC1.
